Large-scale evaluations of genetic diversity in domestic livestock populations are necessary so that region-specific conservation measures can be implemented. We performed the first such survey in European sheep by analysing 820 individuals from 29 geographically and phenotypically diverse breeds and a closely related wild species at 23 microsatellite loci. In contrast to most other domestic species, we found evidence of widespread heterozygote deficit within breeds, even after removing loci with potentially high frequency of null alleles. This is most likely due to subdivision among flocks (Wahlund effect) and use of a small number of rams for breeding. Levels of heterozygosity were slightly higher in southern than in northern breeds, consistent with declining diversity with distance from the Near Eastern centre of domestication. Our results highlight the importance of isolation in terms of both geography and management in augmenting genetic differentiation through genetic drift, with isolated northern European breeds showing the greatest divergence and hence being obvious targets for conservation. Finally, using a Bayesian cluster analysis, we uncovered evidence of admixture between breeds, which has important implications for breed management.
Introduction
Sheep (Ovis aries, L.) were domesticated from at least three ancestral subspecies of the wild Mouflon (O. gmelini, Gmelin 1774) approximately 9000 years before present (YBP) in Southwest Asia, and by 5000 YBP, sheep had been transported throughout Europe (Ryder, 1981; Hiendleder et al., 1998 Hiendleder et al., , 2002 Guo et al., 2005; Pedrosa et al., 2005; Bruford and Townsend, 2006) . Today, over 850 sheep breeds are recognized worldwide, and Europe supports a greater number of breeds than any other continent (United Nations Food and Agriculture Organization, FAO, 2000; Rege and Gibson, 2003) .
Over the past few decades though, it has become apparent that many of these breeds are at risk of extinction. Europe faces the greatest threat, with 18% of its livestock breeds lost in the last century alone and a further 40% at risk of becoming extinct over the next 20 years (compared to 32% at risk worldwide, FAO, 2000; Signorello and Pappalardo, 2003) . Intensive production and increased commercial demands, particularly since the end of the Second World War, have significantly contributed to the threats facing European sheep breeds. First, artificial insemination and improved transportation have reduced the number of breeding rams, leading to a reduction in the effective population size (N e ) of many breeds. Second, production has focused on only a few breeds, to the detriment of rare or minority breeds, which are likely to be important genetic resources because of their local adaptation, disease resistance, high fertility and unique product qualities (Mendelsohn, 2003) . Minority breeds have also been lost by introgression into large commercial populations.
The loss of diversity in domestic species has important economic, ecological and scientific implications as well as social considerations, and in response to these threats, the FAO, through its Domestic Animal Diversity Information System (DAD-IS), initiated a programme to document the State of the World's Animal Genetic Resources (SoWAnGR, FAO, 2000) . An understanding of the evolutionary history of domestic breeds and data on genetic variation within and among breeds is vital to these initiatives to provide critically important data for the decision-making process (Rege and Gibson, 2003) . Information on both within-and among-breed diversity is important. The former provides information for management at the breed level. The latter helps to identify divergent breeds that may harbour distinct genotypes and are, therefore, worthy of conservation efforts even if their within-breed diversity is relatively high.
To date, most studies of genetic diversity in livestock species have been carried out at local geographic (national) scales (Arranz et al., 1998 ; Martín-Burriel et al., 1999; Saitbekova et al., 1999; Martinez et al., 2000; Mateus et al., 2004) , or on a small number of breeds (MacHugh et al., 1998; Diez-Tascó n et al., 2000; Pariset et al., 2003) . While such studies are essential for regionor breed-specific management and conservation programmes, it is also important to assess how genetic diversity is partitioned at larger geographic scales to better implement region-specific conservation measures (Bruford et al., 2003) .
In the present study, we use a panel of 23 autosomal microsatellite markers to evaluate how genetic diversity is partitioned within and among a diverse sample of 30 European sheep breeds. We consider the role of geography and breed type in determining diversity and differentiation, and examine the extent of admixture among breeds in relation to conservation and management.
Materials and methods
Sampling procedure and DNA extraction A total of 820 individuals from 29 breeds of domestic sheep (O. aries) and one feral, putatively ancestral type, the European Mouflon (O. gmelini musimon), were analysed to ensure sampling of morphologically and geographically divergent types. Our aim was to collect at least 30 samples from a minimum of two separate flocks, although fulfilment of these objectives was not possible for all breeds (Table 1) .
Samples (from blood, tissue and hair) and preextracted DNA were obtained from farmers and collaborators. Blood samples were diluted with five volumes of lysis buffer (Scott and Densmore, 1991) and DNA extracted following Sambrook et al. (1989) . Tissue samples (such as heart and muscle collected as byproducts from animals that had been slaughtered) were extracted using a sodium dodecyl sulphate-ethylenediaminetetraacetic acid (SDS-EDTA) procedure, as described by Hoelzel and Dover (1991) . Hair samples (collected from live animals) were extracted using an SDS-EDTA procedure or a Chelex 100-based method (Bio-Rad, Walsh et al., 1991) .
Microsatellite loci
Twenty-three microsatellite loci (Table 2) were chosen from the literature following three criteria: (1) a similar proportion of markers were derived from sheep, cattle and goat (to demonstrate cross-species utility of markers for the purposes of the European Union); (2) loci were distributed evenly throughout the autosomes and preferably unlinked; and (3) loci exhibited Mendelian inheritance and at least four alleles. For four of the breeds (Zeeland, Exmoor Horn, Llanwenog and Bizet), data were analysed for a subset of 10 of these loci (OarAE54, OarAE129, OarFCB20, OarFCB304, JMP29, JMP58, MAF65, MAF70, MAF209 and BM1824) that were typed in a collaborative study (K Byrne, unpublished results) .
Polymerase chain reaction (PCR) amplifications were carried out in 10 ml total volumes, containing 2-4 pM of each primer (with the forward primer labelled with 5-FAM, TET or HEX), 0.275 mM dNTPs (Pharmacia), 1 Â NH 4 buffer, 2-4.0 mM MgCl 2 (Table 2) , 0.25 U of Amplitaq Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA) and B50 ng DNA. PCRs were performed in a PE9700 thermocycler (Applied Biosystems), with the following cycling parameters: 941C for 2 min followed by 30 cycles of 941C for 30 s, anneal (Table 2) for 30 s, and 721C for 30 s, and a final step at 721C for 10 min. For some loci (identified by two annealing temperatures separated by '/' in Table 2 ), a two-step cycling procedure was used, which consisted of 941C for 6 min, followed by seven cycles of 941C for 30 s, anneal (Table 2) for 30 s, and 721C for 1 min, then 23 cycles of 921C for 30 s, anneal (Table 2) for 30 s, and 721C for 1 min, and final extension at 721C for 10 min.
Following PCR, products were diluted 1/10-1/20 and 0.8 ml was mixed with an internal standard (TAMRA, Applied Biosystems) according to the manufacturer's instructions. Products were electrophoresed on a 4.25% polyacrylamide gel in an ABI377 automated sequencer (Applied Biosystems). Fragment analysis was carried out using GENESCAN v3.1 and GENOTYPER v2.0 software (Applied Biosystems). Genotyping was repeated once when individuals failed to amplify.
General statistical analyses
Allelic richness was estimated over all samples for each locus (R t ), without correction for null alleles, using the rarefaction technique of El Mousadik and Petit (1996) in FSTAT (v2.9.3; Goudet, 2000) . Genotypic linkage disequilibrium (LD) was assessed using the exact test in GENEPOP (v3.4; Raymond and Rousset, 1995; Rousset and Raymond, 1995) , using a Markov chain with 10 000 dememorization steps, 200 batches and 2000 iterations per batch to produce an unbiased estimate of the exact P-value.
Null alleles--alleles that consistently fail to amplify during PCR due, for example, to priming site mutations, differential amplification of size variants or inconsistent DNA quality--can decrease estimates of genetic diversity and inflate genetic differentiation, particularly when loci characterized in one species are then analysed in a different species, as is the case here (Chakraborty et al., 1992; Paetkau and Strobeck, 1995; Slatkin, 1995; Dakin and Avise, 2004) . To investigate whether null alleles were present in our data set, we first recorded the number of times amplification failed for just one locus per individual, which could signify a null homozygote. We then estimated the potential frequency of null alleles (r) for each locus in each breed using the EM algorithm of Dempster et al. (1977) in the software FreeNA (Chapuis and Estoup, 2007) . Note that this method, along with all other methods for detecting null alleles, assumes that deviations from Hardy-Weinberg (HW) equilibrium do not result from other causes (such as a Wahlund effect). Values of rp0.2 are not expected to cause significant problems in analyses (Dakin and Avise, 2004; Chapuis and Estoup, 2007) ; therefore, we only considered loci with rX0.2 to be potentially problematic for our calculations.
Genetic diversity within and among breeds Observed and expected heterozygosities (H o and H e , respectively) were calculated for each breed and locus combination in ARLEQUIN (v2.0; Schneider et al., 2000) and then averaged over loci to obtain an estimate per breed. Deviation from HW equilibrium was assessed using the method of Guo and Thompson (1992) for each locus and breed combination in ARLEQUIN using a Markov chain of 100 000 steps and 1000 dememorization steps. GENEPOP was used to assess global deviations from HW equilibrium (over all loci per breed and after Bonferroni correction) using the same Markov chain parameters as for the genotypic disequilibrium test. Weir and Cockerham's (1984) estimate of F is was calculated per locus and over all loci per breed using FSTAT and P-values obtained based on 2300 randomizations (number of loci, nl Â 100). H o , H e and F is were obtained, and deviations from HW equilibrium were assessed before and after removal of loci (on a per-breed basis) that showed potentially high null allele frequencies (rX0.2). Since heterozygote deficit was widespread even after removing loci with rX0.2 (see Results and Table 4) , and since excluding these loci greatly reduced the amount of available data for pairwise comparisons among breeds, all loci were retained for analyses described below. Pairwise genetic distance between breeds was estimated using Weir and Cockerham's (1984) estimate of Wright's F st (y, Wright, 1951 (y, Wright, , 1977 and P-values obtained using 435 000 permutations (number of tests Â 100) and standard Bonferroni correction in FSTAT.
Genetic variation was compared among groups, among breeds within groups and within breeds using a hierarchical Analysis of MOlecular VAriance (AMOVA; Excoffier et al., 1992) in ARLEQUIN. Significance levels were determined after 1000 permutations. Breeds were partitioned in three ways: by main geographic region; by north versus south; and by breed type. The main geographic regions were (a) Near East (Israel and Jordan), (b) Greece and Cyprus, (c) Italy and Croatia, (d) Spain and France, (e) Romania, Hungary and Czech Republic, (f) Germany and The Netherlands and (g) The UK and Iceland (Table 1) . Southern breeds comprised groups (a-e) from the main geographic regions above and northern breeds comprised groups (f-g) ( Table 1) . Breed types were fat-tail, Zackel, coarse wool, mountain, heath, marsh island rat-tail and northern short-tail (Table 1) . Breeds of unique type or sole representatives of their type were excluded from the analysis (Table 1) . Several other AMOVAs were performed using different regional group definitions (for example, mainland versus island breeds), but among group differences were not significant and they are, therefore, not presented.
Relationships among breeds and admixture
A principal component analysis (PCA) was performed to visualize pairwise differentiation among breeds (F st ) using the software PCAGEN (J Goudet, personal communication, available at http://www2.unil.ch/popgen/ softwares/pcagen.htm). In total, 1000 randomizations of genotypes were performed to test for significance of axes.
Admixture was investigated using the Bayesian clustering algorithm implemented in STRUCTURE (Pritchard et al., 2000) . The full data set of 30 breeds was run with K ¼ 1-30, where K is the potential number of genetic clusters. Breeds that shared the same genetic Buchanan et al. (1994) , (c) Buchanan and Crawford (1993) , (d) Crawford et al. (1995) , (e) Buchanan et al. (1992) , (f) Buchanan and Crawford (1992a) , (g) Buchanan and Crawford (1992b) , (h) Buchanan and Crawford (1992c) , ( cluster were then analysed independently with K ¼ 1-6. A total of 100 000 iterations of the Gibbs sampler were run, after a burn-in of 50 000 iterations using the admixture option. The program DISTRUCT (Rosenberg, 2004 ) was used to graphically display the membership coefficient of an individual for a sub-population (i.e. breed), which represents the fraction of its genome that has ancestry in the sub-population, (Rosenberg, 2004) .
Results
The number of alleles per locus ranged from 10 for BM1824 to 33 for MAF214 (Table 2 ). Loci derived from sheep had more alleles and higher overall allelic richness (R t ) than cattle or goat loci (mean number of alleles 22.45, 17.50 and 17.67 respectively, R t 9.07, 6.02, 5.94). In the case of R t , but not allele number, this difference was significant (Mann-Whitney U score test, sheep/cattle
Significant LD was found in comparisons of OarAE129/ILSTS028, OarJMP58/INRA063, BM1824/SRCRSP3 and ILSTS005/ SRCRSP7 and SRCRSP3, and ILSTS028/INRA063; however, in each case, the loci were situated on different chromosomes. Twenty-five breeds had at least one individual that failed to amplify at only one locus, which could signify a null homozygote. Of the 15 loci that were affected, SRCRSP5 was the worst offender (being the sole nonamplifying locus in 25/702 individuals in which it was typed, which accounts for 3.6% of genotypes) followed by ILSTS11, ILSTS28, SRCRSP8 and OarFCB48 (accounting for 2.4, 2.4, 2.2 and 2.0% of genotypes, respectively; see Supplementary Table 1 for details). Using the EM method (Dempster et al., 1977; Chapuis and Estoup, 2007) , we identified 12 loci that had potential null alleles at high frequency (rX0.2) in at least one breed (Supplementary Table 2 , summarized in Table 3 ). Oar-AE54 had rX0.2 in four breeds (Lesvos, Argos, Comisana and Mouflon), OarAE129 and SRCRSP5 had rX0.2 in three breeds (Argos, Skudde, Heidschnuke and Comisana, Lecesse, Sarda, respectively), and the remaining nine loci had rX0.2 in one or two breeds only ( Table 3 ). Note that OarAE129 and SRCRSP5 have been shown to produce null alleles in other studies (Peter et al., 2005 (Peter et al., , 2007 . Out of a possible 613 locus Â breed combinations (again excluding the loci with rX0.2), heterozygote excess was found on only 16 occasions, compared to 199 instances of heterozygote deficit (Table 4 and Supplementary Table  3 ). On average, roughly nine loci per breed showed heterozygote deficit (from the total number of loci per breed with heterozygote deficit divided by the total number of locus Â breed combinations, multiplied by the number of breeds, to the nearest integer:
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(183/613) Â 30 ¼ 9). This translates to significant global heterozygote deficit in all breeds (Table 3 , unbiased Pvalues for tests of global heterozygote deficit are Po0.000 for all breeds except Soay and Churro, where P ¼ 0.002) except two with small sample size (no15, Istrian and Heidschnuke, where P ¼ 0.541 and 0.449, respectively). With the exception of these two, most breeds retained positive, significant values of F is after correction for null alleles (Table 3) . Excluding loci with rX0.2 increases H o and decreases values of F is , but does not change the significance of any comparison (Table 3) . Since it therefore seems unlikely that null alleles are the only cause for deviations from HW equilibrium, we based the following results on all loci.
Global F st was 0.131 (95% confidence interval 0.116-0.147), while pairwise values ranged from 0.01 to 0.275 (Turcana/Tsigai and Soay/Friesland, respectively; Table 6 ). All comparisons except Turcana/Tsigai, Thô nesMarthod/Leccese and Thô nes-Marthod/Istrian were significant after Bonferroni correction (Po0.05; Table 6 ). Northern European breeds such as the Soay, Friesland and Skudde tended to show the greatest divergence (F st 40.20).
Relationships among breeds and admixture analysis Our hierarchical AMOVA with hypothetical population structure revealed that the greatest variation among groups corresponds to breed type (2.7%, Po0.0001; Table 5 ) as opposed to region (0.97%, Po0.05), or north versus south (1.16%, Po0.0001); however, most of the variation was consistently explained within breeds (B87%, Po0.0001).
The PCA shown in Figure 1 illustrates that most breeds cluster within a central group, with little correspondence to breed type (except for Zackel breeds; Turcana, Tsigai, Racka and Šumavka). The most distant outliers in the PCA (Friesland, North Ronaldsay, Icelandic, Soay and Skudde) are all from northern Europe.
Our data set of 30 breeds was best described by K ¼ 25 genetic clusters (likelihood Ln values declined with K425, and K ¼ 25 had a significantly higher Ln than (Rosenberg, 2004) plots constructed for K ¼ 25 are shown in Figure 2a . The Mouflon, Soay, Icelandic, North Ronaldsay, Heidschnuke, Skudde, Coburg, Šumavka, Racka and Bizet remained the most genetically pure breeds (that is free from admixture) from K ¼ 23 to K ¼ 30. Clear evidence of admixture was found between two Greek breeds, with several Argos individuals having Lesvos multilocus genotypes (Figure 2a) .
Three pairs of breeds shared clusters when K ¼ 25 (Turcana and Tsigai, Friesland and Zeeland, and Cyprus fat-tail and Chios; Figure 2a ), and were, therefore, analysed independently. Turcana and Tsigai were run with K ¼ 1-6, but genetic clusters were not identified within these breeds (not shown). Friesland and Zeeland were run with K ¼ 1-5, and the highest Ln was found for K ¼ 3 (Figure 2b ). Two clusters were found in the Zeeland, and all Friesland individuals except for one, which has a Zeeland genotype, were members of the same genetic cluster, whereas four Zeeland individuals have genotypes corresponding more to the Friesland a Loci with high potential null allele frequency (rX0.2) identified using the EM logarithm (Dempster et al., 1977) . b Mean estimates 'after correction' include those breeds that did not have loci with rX0.2.
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( Figure 2b ). Cyprus fat-tail and Chios were run with K ¼ 1-5. While these two breeds were separated into two genetic clusters when K ¼ 2, the highest likelihood was found for K ¼ 4. Under K ¼ 4, Chios remained a single cluster, whereas Cyprus fat-tail individuals were split into several groups (Figure 2c ).
Discussion
Our survey of 23 microsatellite markers in European sheep breeds revealed that 87% of the variation is found within rather than among breeds. This situation mirrors other domestic species such as cattle (Wiener et al., 2004) , and levels of within-breed diversity (Table 3) are also comparable to those from other domestic species, for example cattle (Katanen et al., 2000; Kim et al., 2002; Mateus et al., 2004) , horses (Aberle et al., 2004) and goats (Saitbekova et al., 1999; Cañ on et al., 2006) . In contrast to most other domestic species however, we found extensive evidence for heterozygote deficit in European sheep breeds. Even after removing the most extreme loci in terms of null alleles, almost 30% of breed Â locus Excoffier et al. (1992, Equation 10a ). 'V', variance; 'P', significance level determined via 1000 permutations. F ST is the correlation of random haplotypes within breeds relative to that of random pairs of haplotypes drawn from the whole sample, F CT the correlation of random haplotypes within a group of breeds relative to that of random pairs of haplotypes drawn from the whole sample and F SC the correlation of the molecular diversity of random haplotypes within breeds relative to that of random pairs of haplotypes drawn from the region or breed type (Excoffier et al., 1992) . See text and Table 1 for definition of groups. Tapio et al., 2003 Tapio et al., , 2005 Calvo et al., 2006; Peter et al., 2007; Santucci et al., 2007) . For other domestic species such as cattle (refs), pigs (refs), horses (refs) and goats (refs) , deviation from HW equilibrium seems to be an exception rather than a rule.
Other than the occurrence of null alleles, there are two potential explanations for this widespread heterozygote deficit in European sheep: (1) subdivision among flocks leading to a Wahlund effect and (2) nonrandom mating due to inbreeding. First, subdivision is highly likely because although flocks are not closed units, gene flow may be restricted, especially between flocks that are geographically distant. If there is subdivision among flocks, sampling several flocks will lead to positive estimates of F is . It is possible that our sampling strategy exacerbated this effect by including a small number of individuals from more than one flock. This is particularly illustrated by the case of the wild Mouflon, which was sampled from Corsica, Sardinia and Cyprus, and has the highest F is . Subdivision caused by geographical isolation, confounded by sampling strategy, has therefore certainly contributed to heterozygote deficit. However, breeds for which just one flock was sampled also have positive F is values (for example, Racka, Šumavka, Aragonesa, North Ronaldsay, Soay), suggesting that subdivision does not entirely account for HW deviations. Table 1 for breed codes. Figure 2 Individual assignment based on Bayesian cluster analysis. Plots are constructed using the program DISTRUCT (Rosenberg, 2004) . The width of each segment relates to the sample size of the breed (Table 1) Second, nonrandom mating due to inbreeding is also likely, since a small number of rams are typically used for breeding purposes. Interestingly, the breed with the lowest F is (excluding those with no15) is the Soay, the only breed that is feral and unmanaged, with the potential for random mating and only fine-scale population structuring. Low values of F is for the Soay have been reported previously and interpreted as due to inbreeding avoidance resulting from strict female philopatry and male-biased dispersal (Coltman et al., 1999 (Coltman et al., , 2003 .
Despite significant heterozygote deficit, levels of heterozygosity are relatively high in commercially managed breeds compared to the primitive, feral or wild sheep such as the Californian bighorn sheep, where H o ¼ 0.28-0.36 (Whittaker et al., 2004) . A similar situation is found in domestic goats, which have substantially higher heterozygosity than their wild relatives (Saitbekova et al., 1999) . This could suggest that selective breeding regimens are generally successful in maintaining diversity, but note that low diversity in wild species could be explained by successive bottleneck events, habitat fragmentation, isolation (Sage and Wolff, 1986) and strong fine-scale population structure (Coltman et al., 2003) . Moreover, primitive breeds are often both genetically and geographically isolated, so genetic drift is likely to be a key factor in determining their diversity.
Although most of the genetic diversity is explained within breeds, the global estimate of F st (13%) is quite high compared to the 7-11% reported for European cattle breeds (MacHugh et al., 1998; Katanen et al., 2000; Cañ on et al., 2001; Mateus et al., 2004) , or 8% for horses (Cañ on et al., 2000) . With the exception of only three comparisons (Turcana versus Tsigai, Thônes-Marthod versus Leccese and Thônes-Marthod versus Istrian), all breeds are significantly genetically differentiated. We identified several breeds that are very distinct and the Friesland and Soay breeds have particularly high F st values. These breeds may harbour important disease resistance or uniquely adapted alleles and should, therefore, be given priority for conservation. Global estimates of F is (12.3%) and F st are similar; therefore, the variance explained by difference among breeds can be partially accounted for by correlations of allele frequencies within breeds.
Importance of geography and breed type
In the absence of recurrent introgression, we might expect most genetic diversity to be concentrated near the Near Eastern centre of domestication and then to decline with distance, since early farmers transported only a small sample of their diverse original stock (Bruford et al., 2003; Bruford, 2004) . Such a pattern is suggested from analysis of sheep and cattle mitochondrial DNA sequences (Troy et al., 2001; Bruford and Townsend, 2006) and also from a recent Bayesian cluster analysis of European sheep breeds that revealed a southeast to northwest cline (Peter et al., 2007) . Moreover, southern breeds have larger population sizes and have been transported more extensively than their northern counterparts (Mason, 1967) . We therefore predicted higher within-breed diversity and lower genetic differentiation in southern than in northern breeds. Consistent with this prediction, the main geographical component to the partitioning of within-breed diversity is the difference between northern and southern breeds; southern breeds tend to have higher levels of heterozygosity than northern breeds (see also Peter et al., 2007) , and the most distinctive breeds are all from northern Europe (Friesland, Icelandic, North Ronaldsay, Skudde and Soay). The cluster analysis also revealed more widespread evidence for admixture in southern than in northern breeds. Domestic breeds are often categorized into 'types' according to morphological similarities, ecology and origins. Breeds of the same type are expected to be genetically similar, but this was generally not found to be the case. Although breed type explains the largest component of variance among groups, it only explains 2.7% of the total variation, and there is no general tendency for breeds to cluster by type in the PCA. In fact, three of the most differentiated breeds in the PCA (Soay, North Ronaldsay and Icelandic) are all of the northern short-tailed type. Similarities between breeds of the same type were, however, identified in the Bayesian cluster analysis. For example, the Dutch Friesland and Zeeland breeds, which are both of the marsh rat-tail type, always shared a cluster when K ¼ 23-30.
Application to conservation and management According to Weitzman (1992) , for a breed to become a priority for conservation, it must add new diversity elements to a pre-defined set of conservation priority breeds. Breeds that add the highest overall genetic distance to the remainder of the set should be given priority (Bruford et al., 2003) . Those breeds that are clearly differentiated in our PCA (Friesland, Icelandic, North Ronaldsay, Soay and Skudde) or stand out from our cluster analysis as harbouring unique genotypes (Soay, Icelandic, North Ronaldsay, Heidschnuke, Skudde, Coburg, Šumavka, Racka and Bizet) are, therefore, obvious targets for conservation. This approach should be treated with caution though because it fails to account for the diversity and geographical structure that can be found within some breeds. It should also be noted that neutral genetic variation does not necessarily correlate with variation in phenotype or quantitative traits, therefore, planning based on microsatellite variation alone might not be sufficient. Genetic distance estimates vary according to the marker used and the recent demographic history of the breed. For instance a severely bottlenecked breed will have a large genetic distance but often little within-breed diversity relative to other breeds. The Friesland, which has been bred true to maintain its high milk productivity following bottlenecks in the 1890s and 1960s (J Lenstra, personal communication), is a good example of this, since it exhibits very low within-breed diversity but is highly differentiated from other breeds.
Our analyses illustrate the utility of Bayesian cluster analysis to identify breeds that have or have not been bred true, which is potentially useful for breed management. Clear evidence of admixture was found between two Greek breeds, which are both Zackel Â fat-tail type, with introgression of Lesvos genotypes into the Argos breed. A more fine-scale analysis clearly identified admixed individuals between the Friesland and Zeeland breeds, despite the efforts of breeders to keep the Friesland completely 'pure'.
In summary, genetic diversity in European domestic sheep breeds is characterized by extensive heterozygote deficit, most likely due to subdivision within breeds and nonrandom mating due to inbreeding. Isolation in terms of geography or breed management has been crucially important in reducing within-breed variation and augmenting among-breed differentiation. We identified breeds that possess highly distinct genotypes, indicative of long histories of isolation, a distinct origin or the effects of selection. Finally, we illustrated that Bayesian clustering methods are valuable tools for detecting unrecorded admixture among breeds. This method could be valuable when breeders wish to establish current practices ongoing in their breeds.
